Background and Purpose: Novel radiotherapy techniques increasingly use very large dose fractions. It has been argued that the biological effect of large dose fractions may differ from that of conventional fraction sizes. The purpose was to study the biological effect of large single doses.
Introduction
With the rise of novel radiotherapy techniques such as stereotactic radiosurgery (SRS) [1, 2] , stereotactic body radiation therapy (SBRT) [3] , high-dose-rate (HDR) brachytherapy boost [4] , and intra-operative radiotherapy (IORT) [5, 6] , irradiation with a single or very few, very large dose fractions is becoming more frequently used. It has been argued that the biological effect of large doses (.,10 Gy) may be different from that predicted from the response to multiple fractions of 1.8-3 Gy commonly used in radiotherapy. Thus vascular damage and immunological effects may increase the antitumoural efficacy of large doses [7] [8] [9] . On the other hand, the surviving fraction of cells after high doses may be higher than predicted by the continuously downward bending curve described by the linear-quadratic (L-Q) model for cell inactivation [10] . Indeed, the dose range for which this model can be used is a matter of debate [8, 11] .
Radiation-induced bystander effects (BE) have been established as a significant contribution to cell killing and mutation at low doses [12] [13] [14] [15] [16] . A recent review on intercellular signalling in human exposure scenarios restricts the definition of genuine BEs to effects on unirradiated cells within a volume irradiated with very low doses; effects outside the irradiated volume are termed ''abscopal effects'', and effects on irradiated cells caused by other irradiated cells within the target volume are termed ''cohort effects'' [17] . Although a dose-effect relationship exists at doses below 1-2 Gy, the consensus is that non-targeted radiation effects involving intercellular signalling are saturated in the dose range 1-5 Gy [18] [19] [20] [21] [22] . Recently, a role of the BE in fractionated radiotherapy with standard or reduced fraction sizes has been proposed [19] . However, doses larger than 10 Gy, relevant for very large fraction sizes, have rarely been studied.
The purpose of the present work was to study the biological effect of large single doses on tumour and normal cells in vitro. The clonogenic survival of MCF7 breast cancer cells after a dose of 12 Gy was found to decrease when the number of cells was increased suggesting a role for non-targeted effects of large single doses. Part of this effect was reproduced by a transferrable factor in MCF7 and the breast cancer cell line MDA-MB-231. These findings contribute to understanding the biological effect of very large dose fractions and may have implications for extrapolations using the L-Q model.
Materials and Methods

Cell culture
The human breast carcinoma cell lines MCF7, MDA-MB-231, and the mink lung epithelial cell line Mv1Lu (all from American Type Culture Collection, LGC Standards GmbH, Wesel, Germany) were cultured in DMEM supplemented with 10% fetal bovine serum (FBS; all from Biochrom AG, Berlin, Germany). All cells were maintained in a humidified incubator at 37uC under 5% CO 2 in air. Clonogenic cell survival was determined by the colony formation assay (CFA). Subconfluent cultures of cells were trypsinized and 100-50,000 cells/flask were seeded into triplicate flasks for each dose 5-6 h before irradiation. After irradiation, cells were incubated for colony formation, fixed and stained as described [23] . Clones containing at least 50 cells were scored as a colony, and the surviving fraction (SF) was calculated as ratio of colony yields per seeded cells in cultures irradiated with dose, D, and unirradiated controls: SF = (no. of cols./no. of cells) D /(no. of cols./no. of cells) 0Gy . Feeder cell experiments were performed by seeding 500-50,000 cells per flask in triplicate flasks 5-6 h before irradiation. The flasks were irradiated with a dose of 20 Gy to prevent cell proliferation, and unirradiated cells (usually 100 cells/ flask) were seeded and incubated to form colonies. In experiments with conditioned medium (CM), cells were seeded in standard culture medium at 100 cells/flask (0 Gy) or 500 cells/flask (4 Gy) and allowed to attach for 5-6 h before irradiation or sham irradiation. The medium was then removed, replaced by CM produced as described below, and the flasks were incubated for colony formation.
The effect of transforming growth factor (TGF)-b1 (recombinant human, PeproTech GmbH, Hamburg, Germany) on proliferation in mass culture was tested using the vital stain alamarBlue (Invitrogen, Life Technologies,GmbH, Darmstadt, Germany). Reconstitution of activated TGF-b1 was performed according to the supplier's instructions.
Conditioned medium (CM)
For production of conditioned medium (CM), cells were harvested at approximately 75% confluency and seeded into T75 cell culture flasks at 1610 6 cells/T75, unless otherwise noted. After 15 h, the medium was changed and flasks were irradiated or sham irradiated. CM was harvested after 24 h incubation, filtered though a 0.22 mm filter, and used directly for a medium change in the recipient flasks.
Irradiation
All irradiations were performed with 6 MV X-rays from a linear accelerator (Elekta Synergy, Crawley, UK) at a dose rate of approximately 6.67 Gy/minute. Dosimetry was performed by the physicists of the radiotherapy department as part of the daily quality checks.
Flow cytometry
The cell cycle distribution and the apoptotic sub-G1 fraction were determined by flow cytometry according to the Nicoletti method as described [24] . In brief, at least 1610 6 cells per sample were harvested 24 h after treatment, washed in PBS and fixed overnight in 70% ice-cold ethanol. Cells were washed, resuspended in fresh PBS, and 20 mg/ml RNAse A and 16.7 mg/ml propidium iodide (both Sigma-Aldrich) was added and incubated 30 min at room temperature. Flow cytometry (FACSCalibur, Becton-Dickinson) was performed with doublet-discrimination and FlowJo 7.6.4 software (Tree Star, Ashland, OR, USA) was used for data analysis.
Cytokine detection
For the identification of potential radiation-induced cytokines released into CM, 1 ml of CM was analysed using the Human Cytokine Array Kit (Panel A, R&D systems, Wiesbaden-Nordenstadt, Germany) according to the manufacturer's instructions. The pixel density was determined using ImageJ software (NIH, Bethesda, MA, USA). The background was subtracted and signals were normalized to the mean of the positive controls on each array.
Detection of c-H2AX foci
Exponentially growing cells were seeded into chamber slides (BD Falcon, Heidelberg, Germany) at 5610 3 cells per well and treated as described in the results section. At the specified times after irradiation, samples were fixed in 3.7% formaldehyde with 0.2% Triton-X-100, blocked with 1% bovine serum albumin for 30 min and incubated for 1 h with mouse anti-cH2AX antibody (Millipore, Schwalbach, Germany) at room temperature. The cells were washed three times with PBS for 10 min, and then incubated with FITC-conjugated goat-anti-mouse secondary antibody (Millipore) for 1 h, washed and mounted. 50-100 cells were scored for each condition.
Statistical analysis
At least 3 independent experiments were performed unless otherwise noted. Data are given as mean values 6 standard errors (SE). Cell survival curves were fitted by the L-Q model:
, using the non-linear regression tool of SigmaPlot11.0 (Systat Software GmbH, Erkrath, Germany). Least squares regression, ANOVA, and paired t-test were performed with JMP9 statistical software (SAS Institute GmbH, Böblingen, Germany).
Results
The clonogenic survival after direct irradiation of MCF7 cells was determined in the dose range 4-12 Gy. In order to improve the accuracy of SF values at 12 Gy (SF12), two different cell numbers per flask were seeded. Unexpectedly, increasing the cell number from 10 to 50610 3 cells/flask resulted in a strong decrease in SF (Figure 1a ). This affected the shape of the fitted survival curve, yielding a stronger downward curvature when more cells were seeded. In order to verify the observed inverse relation between SF12 and cell numbers, different numbers were irradiated with 12 Gy. These experiments showed a significant decrease of SF12 (P = 0.0001) with increasing numbers of cells per flask in the range 5-50610 3 ( Figure 1b ) corroborating the dependence of SF12 on the cell density shown in Figure 1a . Although the number of colonies after irradiation with 12 Gy was small (mean of all 12 experiments was ,2.8 colonies per triplicate flask at 50,000 cells/ flask) the logarithmic transformation of SF12 was approximately normal distributed. Analysing ln(SF12) at 10 and 50610 3 cells/ flask for all 12 experiments together, the (geometrical) mean decrease of SF12 was 8.5-fold (95% c.i.: 4.4-16.3; P,0.0001) corresponding to a reduction by 88% for a 5-fold increase in the density of irradiated cells. The plating efficiency (PE) of unirradiated MCF7 cells (mean PE = 53%) did not influence this analysis since the same PE value was used in each experiment to calculate SF12 for the different cell numbers per flask.
In order to test whether irradiated cells inhibit colony formation of unirradiated cells, a feeder cell experiment was performed. One hundred unirradiated cells per flask were plated into flasks containing different numbers of cells irradiated with 20 Gy prior to seeding the test cells. This dose was chosen to rule out formation of colonies by surviving irradiated cells. A significant inverse correlation (P,0.0001) was found between the normalized yield of colonies of unirradiated cells and the number of irradiated feeder cells in the range 5-50610 3 per flask ( Figure 1c ) with a maximum reduction of 28% (95% c.i.: [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
To test whether a transferable factor was involved, the effect of conditioned medium (CM) from MCF7 cells irradiated with different doses (D = 5-15 Gy) was tested on unirradiated recipient MCF7 clonal cultures. A significant dose dependence (P = 0.0001) of the normalized yield of colonies was observed with a maximum decrease of 24% (95% c.i.: 15-34) at 15 Gy (Figure 2a) . A highly significant dose-dependent inhibition of colony formation (P,0.0001) was also found for MDA-MB-231 breast cancer cells with a similar maximum decrease of 24% (95% c.i.: 10-38) (Figure 2b) . The decrease at 15 Gy relative to 5 and 10 Gy analysed together was significant (or borderline significant) for both breast cancer cell lines (P = 0.053 and 0.007, respectively). For MDA-MB-231, no significant effect of adding irradiated medium (IM: irradiated without cells) to the recipient cells was detected. These results strongly suggested that part of the cell number-dependent decrease in SF after high-dose irradiation is caused by a radiation-induced transferable factor in the CM.
The smaller reduction in colony formation by CM compared to the effect seen for irradiation of increasing cell numbers might be explained if the CM influenced repair processes in irradiated recipient cells. To test this hypothesis, CM from 15 Gy irradiated cells was added to recipient cells irradiated with 4 Gy or sham irradiated immediately prior to the medium change (Figure 3a,b) . Furthermore, the number of cells in CM producer flasks was reduced to 50610 3 per flask, and T25 flask (5 ml of medium) were tested in addition to T75 (15 ml of medium), in order to test if the concentration of the transferable factor was limiting. The results (Figure 3a) reproduced the effect of CM on unirradiated recipient cells from Figure 2a and thus 50610 3 cells per flask seemed sufficient. The results for irradiated recipient cells was essentially identical (Figure 3b ) and thus the additional cell kill with increasing cell numbers seen in Figures 1a,b did not appear to involve inhibition of repair processes. Furthermore, a reduction in clonogenic growth of cells that did not receive a medium change was observed in the MCF7 cells, indicating that this cell line may be more sensitive to depletion of essential medium components. Thus radiation-induced depletion might be involved in the effect of irradiated medium.
Since CM seemed to inhibit clonogenic proliferation, its potential effect on cell cycle distribution and apoptosis was investigated. Unirradiated recipient MCF7 and MDA-MB-231 cells were treated with 15 Gy CM, fixed at different time points (6-48 h) and analysed by flow cytometry (Figure 4a,b) . No significant differences in cell cycle distribution and apoptosis rates were observed for the different treatment groups. Thus the effect of CM on clonogenic cell survival did not seem to be caused by apoptosis or changes in cell cycle progression.
Recently, TGF-b1 was reported to be a key cytokine in downstream signalling of a low-dose effect of medium transfer in glioma cells [25, 26] . Therefore, we tested the effect of TGF-b1 on proliferation of MCF7 cells. In addition to MCF7 cells, the TGFb1-sensitive cell line Mv1LU was used to confirm the activity of TGF-b1. In a mass culture proliferation assay, 3-10 ng/ml of TGF-b1 did not inhibit proliferation of MCF7 cells, in fact a weak but significant stimulation (P = 0.005) was observed. Inhibition of Mv1Lu cells confirmed the activity of TGF-b1 (Figure 5a ). Colony formation of MCF7 cells was not inhibited by TGF-b1 either (Figure 5b) .
In order to test whether other cytokines might be involved (e.g. IL-6, IL-8 [27, 28] ), a cytokine antibody array detecting 36 different cytokines was used for profiling the cytokine expression in CM from cultures irradiated with 15 Gy compared with unirradiated producer cells. Several cytokines were found in CM from both cultures but no significant difference between CM from irradiated and unirradiated cultures was observed (P = 0.18-0.96). The expression of CD40 ligand, IFN-c, IL-6, IL-8 IL-23, and Serpin E1 are shown in Figure 5c . The results of the complete arrays are shown in Figure S1 . The inhibitory effect of 15 Gy irradiated CM on colony formation was verified in each experiment.
DNA damage and repair is an important cellular response to irradiation and has previously been suggested to be involved in a low-dose radiation-induced BE [29] . Therefore, cH2AX immunostaining was performed on bystander recipient MCF7 cells which received CM from 0 Gy or 15 Gy irradiated cells or irradiated medium. The addition of 15 Gy CM to the bystander recipient MCF7 cells resulted in a significant (P,0.0001) 2-fold increase in the mean number of foci per cell at 1-12 h, peaking at approximately 6 h ( Figure 6 ). An enhanced level was still present at 12 h whereas the number of foci decreased to nearly background levels at 24 h. By contrast, neither CM from unirradiated cells nor non-conditioned IM caused an increase in the number of foci.
Discussion
In the present study we have shown that the SF of breast cancer cells after a high single dose (12 Gy) depends on the number of cells irradiated per flask. Part of the effect was shown to be due to a transferable factor capable of reducing clonogenic proliferation of unirradiated breast cancer and endothelial cells. While we did not find evidence for the involvement of TGF-b1 or modulation of 36 cytokines in CM from irradiated cells tested with the cytokine array, the transferable factor clearly induced prolonged expression of cH2AX foci in unirradiated cells, indicating activation of the DNA double-strand break repair machinery.
To our knowledge, the present study is the first to show a significant enhancement of the non-targeted effect of 15 Gy irradiated CM relative to 5-10 Gy. This demonstrates a role of intercellular signalling on cell survival in the high-dose region beyond 10 Gy and supports the notion that high single doses, as used in SRS, SBRT, or IORT, may elicit different biological effects than fraction sizes of 1.8-3 Gy as used in standard or moderately hypofractionated radiotherapy [8, 9, 30] .
Although the exact value of the 8.5-fold reduction in SF12 by increasing the cell density from 5 to 50610 3 cells/flask had a wide confidence interval owing to the low number of colonies in the irradiated flask, the reduction was reproduced in 12 experiments and was highly significant (P,0.0001). An effect of cell density on SF has previously been described for human fibroblasts and a melanoma cell lines by Pomp et al. [31] . In their study, non- linearity of PE was found to be associated with high numbers of colonies formed and was most likely due to a biased detection of crowded colonies since it was not observed for other cell lines producing small and compact colonies. Furthermore, only a minor influence on SF was observed for fibroblasts, which was due to high number of colonies in the unirradiated control cultures. By contrast, the number of colonies in the present study was low in irradiated flasks, and the size and morphology of MCF7 colonies allowed unbiased detection in unirradiated as well as irradiated flasks. Even if the PE of unirradiated cultures were non-linear it would have no effect on the comparison of SF12 for different cell densities because the same PE was used to calculate SF12 in each experiment.
The inhibitory effect on colony formation in the feeder cell and medium transfer (CM) experiments was approximately one third of the inhibition (up to 88%) seen when all cells were irradiated with 12 Gy. At the cell density used here, cell-cell contacts seem unlikely. Furthermore, the feeder cell experiment ruled out longterm effects via cell-cell contacts being responsible for the difference although it cannot be ruled out that a short-lived signal from the irradiated cells might decay before seeding the unirradiated cells. Fast kinetics experiments were not possible in our experimental setup, so we chose to focus on the effect of medium transfer.
Historically, the term BE has been used to describe a wide variety of non-targeted effects [32] . Inter-cellular signaling via CM in medium transfer experiments has been studied mainly in the low-dose region below 1-5 Gy. In most cases, a dependence on dose has been observed only below 1-2 Gy with saturation at 1-5 Gy [18] [19] [20] [21] [22] . A recent study suggested a possible contribution from a bystander effect in radiotherapy with fraction sizes up to approximately 5 Gy [19] . Previously a bystander effect mediated by TNF-a has been described in lung cancer cells treated with CM from 10 Gy relative to 2 Gy irradiated cultures [33] . On the other hand, Gow et al. found a reversal of the BE at 10 Gy in immortalized human keratinocytes, which was interpreted to be related to a saturation of the signal-to-recipient cell number [25, 34] . However, in our system, we saw an enhancement of the non-targeted effect at high doses even though the ratio of producer cell-to-recipient cell number was two orders of magnitude higher than in the keratinocyte system [34] .
Recent work implicated TGF-b1 as a downstream mediator of low-dose BEs for inactivation of glioma cells treated with CM from cultures irradiated with high-energy electrons [25, 35] . An earlier study also found a TGF-b1-mediated low-dose BE of CM from lung fibroblasts irradiated with a-rays although, in these cells, TGF-b1 stimulated proliferation [26] . However, in the present study TGF-b1 did not inhibit proliferation or clonogenicity of MCF7 cells. Thus our results did not support a role of TGF-b1 in inhibiting colony formation by CM from cells irradiated with 5-15 Gy. Medium transfer experiments of CM from cells irradiated with low doses of gamma-or X-rays have implicated cytokines such as IL-6 or IL-8 [27, 28] . However, we did not find any significant differences in the expression of 36 cytokines in the CM from high-dose irradiated and unirradiated cells. Notably, TNF-a, which has been implicated in inducing apoptosis in some types of bystander cells [33, 36] , was not expressed at measurable levels in CM regardless of dose.
The prolonged induction of cH2AX foci by CM from high-dose irradiated cells is consistent with previous findings at lower doses and may indicate complex DNA repair processes [37] . Thus cH2AX foci have been found to represent secondary DSB formed in an ATR-dependent manner at stalled replication forks where single-stranded DNA is exposed [37, 38] . While radiation-induced oxidative damage was considered responsible for the stalled replication forks in these studies, short-lived radiation-induced radicals are unlikely to be involved in cH2AX foci induction by CM in the present work because CM was collected 24 h postirradiation. Furthermore, medium irradiated without cells did not induce cH2AX foci in MCF7. The moderate inhibitory effect of irradiated medium on colony formation observed for MCF7 (Figure 2a) but not MDA-MB-231 (Figure 2b ), might be due to a higher sensitivity to radiation-induced depletion of factors in the medium required for proliferation.
The increased downward curvature of the cell survival curve by increasing the cell density (Figure 1a,b) shows that the shape of in vitro survival curve can be influenced by experimental factors that might also be relevant in vivo. If a similar effect exists in vivo, this would represent a ''cohort effect'' as defined by Blyth and Sykes [17] . Thus, conceivably cohort effects, such as the cell density effect, might neutralize the deviation of cell survival curves from linear-quadratic shape at high doses, which has been used as an argument against applying this model outside the dose range 1-8 Gy [8, 10, 11] . In summary, the present work supports the hypothesis that the biological effect of very large dose fractions differ from the effect of conventional fraction sizes. We suggest that non-targeted effects, including the cohort effect described here, may enhance the efficacy of very large dose fractions in radiotherapy. Figure S1 Relative protein levels in CM of all 36 cytokines on cytokine array. Mean values6standard errors of normalized signals of cytokines in CM from 15 Gy irradiated and unirradiated MCF7 cultures from three independent experiments are shown. No significant differences were observed between CM from irradiated and unirradiated cultures (P = 0.18-0.96; n = 3). MIF and RANTES showed high expression levels with considerable variation in between experiments (outliers). The variation did not appear to be limited to CM from irradiated cells (see data for RANTES).
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